• Increasing exponential fertilization rates in the nursery increased seedling biomass, N content, and N concentration for Chinese pine seedlings.
Introduction
Due to poor root-soil contact, newly planted seedlings have limited access to soil nutrients and are mainly dependent on their internal nutrient resources (van den Driessche 1985) . Providing proper mineral nutrition to seedlings in the nursery is, therefore, essential for nutrient storage and subsequent field performance (Villar-Salvador et al. 2012; Oliet et al. 2013) . One method of increasing nutrient reserves in the nursery is through exponential fertilization. Compared to conventional fertilization, exponentially increasing fertilizer over the course of the growing season has proven to be advantageous in building seedling N reserves and improving subsequent field performance (Ingestad 1979; Malik and Timmer 1996; McAlister and Timmer 1998; Dumroese et al. 2005; Close et al. 2005; Way et al. 2007) . This technique has been demonstrated with a variety of tree species including: Pinus spp. (Timmer and Armstrong 1987; Miller and Timmer 1994; Dumroese et al. 2005) , Picea spp. (Quoreshi and Timmer 2000; Salifu and Timmer 2003a) , Quercus spp. Birge et al. 2006; Salifu et al. 2009 ), Larix spp. (Qu et al. 2003) , and Tsuga heterophylla (Raf.) Sarg. (Hawkins et al. 2005) .
Exponential fertilization is not only a technique used to provide adequate nutrients for nursery seedlings but has also been used to promote nutrient loading. Timmer (1996) proposed a conceptual model that relates plant nutrition, plant growth, and nutrient supply to rationalize exponential fertilization regimes and nutrient loading in nursery culture. Nutrient loading induces luxury nutrient uptake in excess of growth demand and is more compatible with exponential than conventional fertilization . Optimum exponential fertilization maximizes both seedling dry mass and tissue N content (Ingestad 1979; McAlister and Timmer 1998; Salifu 2003; Salifu and Timmer 2003a; Birge et al. 2006) . Determining optimum nutrient supplies requires an assay of plant growth and nutrition responses to a broad spectrum of nutrient supply ranging from nutrient deficiency to toxicity (Ingestad 1979; Ingestad and Kähr 1985) ; this optimum is generally both species and stocktype specific. Thus far, optimum exponential fertilization rates have been determined for Picea mariana (Mill.) BSP container seedlings (64 mg N seedling -1 ; Salifu and Timmer 2003b) , Quercus rubra L. container seedlings (100 mg N seedling -1 ; Salifu and Jacobs 2006), and Q. rubra and Quercus alba L. bareroot seedlings (1680 mg N seedling -1 ; Birge et al. 2006) . While Pinus species are distributed worldwide, surprisingly little work has been published on optimum nutrient supplies (Timmer and Armstrong 1987; Miller and Timmer 1994; Hawkins et al. 2005; Dumroese et al. 2005) . Furthermore, field data to support the optimum nursery fertilization rate is also scarce.
Seedling field performance compared with nursery responses to exponential fertilization can be varied depending on the environment they are tested in. Under controlled condition in the greenhouse, higher internal nutrient reserves acquired from exponential fertilization has been shown to stimulate nitrogen (N) remobilization and facilitate growth performance (Oliet et al. 2009 ). However, studies conducted on outplanting sites using Q. rubra, Q. alba ), and T. heterophylla (Hawkins et al. 2005) have shown that there were no differences in growth among seedlings from the greenhouse nutrient supply treatments. This may imply that seedling nutrient requirements should not be based on nursery response alone but that specific conditions of a given site should be considered. To our best knowledge, little information is available on the field performance of Pinus species subjected to exponential fertilization.
Chinese pine (Pinus tabulaeformis Carr.) is planted widely in northern China because of its resistance to drought and tolerance of low fertility soils (Xu 1993) . Along with planting methods (Shi et al. 2011; Zhang and Chen 2013) , intensive nursery techniques for promoting seedling quality have been well documented including: choice of growing media (Lu et al. 2000) ; inoculating ectomycorrhizal fungi (Yao and Yan 2005; Yu et al. 2008) ; incorporating fertilizers into growing media prior to sowing (Huang et al. 2004) ; and use of fall fertilization by top-dressing (Zou et al. 2012) . Despite the application of these practices, few Pinus species studies have connected two of the most important steps in forest establishment and regeneration, namely, growing quality seedlings and testing subsequent field performance. In this study, Chinese pine container seedlings were grown in the nursery, exponentially fertilized across a broad range of rates, and subsequently outplanted for two growing seasons. Our objective was to determine the rational nursery N supply for Chinese pine comprehensively considering both nursery and field performance. Specifically, we wanted to: (1) characterize dry mass, N storage and optimum N rate in response to exponential fertilization nursery treatments; (2) evaluate outplanting survival and growth as a result of nursery N treatment.
Material and methods

Nursery experiment
On 21 February 2010, Chinese pine seeds from a local seed orchard (National Seed Orchard for Chinese Pine, Qigou Forest Farm, 41°00´N, 118°27´E, 526 m a. s. l.) were sown into plastic containers (8 cm diameter × 8 cm deep, 187 ml capacity, Huifeng Plastic Co., Hebei, China) filled with a 3:1 (v:v) peat (Pindstrup Seeding, pH 6.0, Screening 0-6 mm): perlite (5 mm diameter, Xinyang Jinhualan Mining Co., Henan, China) mixture. Seedlings were grown in a greenhouse at the Chinese Academy of Forestry Sciences in Beijing (40°40´N, 116°14´E). Thirty containers were randomly assigned to a tray (53 cm long × 44.5 cm wide), providing a density of 127 seedlings m -2 . Fertilization treatments began one week after sowing and continued for 25 weeks (from 1 March to 22 August). N treatments were 10, 20, 40, 80, 100 and 120 mg N seedling -1 ; supply rates were applied following the exponential function (Ingastad and Lund 1986; Timmer and Armstrong 1987; McAlister and Timmer 1998) 
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where N T (10, 20, 40, 80, 100, and 120 mg) was the desired amount of N to be added weekly over the number of fertilizer applications, t (in this case, 25). N s is the initial N content in each seed, and r (8.0, 10.5, 13.1, 15.8, 16.7, and 17.4%) was the relative addition rate required to increase N s to final N content (N T + N S ). Using the composite sample method of Salifu and Jabobs (2006) , N s was determined at the time of sowing using four replicates, each comprising 15 seeds that were oven-dried (48 h at 65 °C), measured for dry mass, ground and wet-digested in a block digester using the KMnO 4 -Fe-H 2 SO 4 method modified to recover NO 3 (Bremner and Mulvaney 1982) . Subsequently, N concentration was measured by a standard Kjeldahl digestion with a distillation unit (UDK-152, Velp Scientifica, USA). N s was calculated to be 1.58 mg per seed. The quantity of N to apply on a specific week (N t ) was calculated with the following equation (Ingastad and Lund 1986; Timmer and Armstrong 1987):
where N t-1 is the cumulative amount of N added up to and including the previous application.
Each exponential fertilization treatment was applied to 4 trays (120 seedlings per treatment), resulting in a total of 24 trays. N was supplied as urea (Xilong Chemical Co., China), an N source commonly used in Chinese nurseries. Elemental P and K were applied as KH 2 PO 4 (Guangdong Guanghua Sci-Tech Co., Ltd. China); applications were weekly and were evenly split for a total of 26.2 mg P and 33.0 mg K. The desired amounts of N in addition to P and K were dissolved in water so that 20 ml of solution, applied by hand to each seedling, delivered the target amount of nutrients. No micronutrients were applied during the experiment. Foliage was rinsed after each application to avoid foliar fertilizer burn. Seedlings were watered to field capacity, approximately 2 times each week (State Forestry Administration 2013). Temperature was measured with a JL-18 Series thermometer (Huayan Instrument and Equipment Co., Shanghai, China) at 15-min intervals throughout nursery culture. From sowing (21 February) to the end of the nursery fertilization treatments (22 August), ambient temperature averaged 25:18 °C (day:night), and day length in the greenhouse averaged 13 h 28 min. Starting September 13, irrigation was reduced to initiate hardening, an interval of approximately 4 days. On 29 November, seedlings were removed from the greenhouse and stored outdoors under snow cover during winter. From 23 August to 29 November, greenhouse temperatures averaged 19:14 °C (day:night), and day length averaged 11 h 42 min. Trays were completely randomized on raised benches and their position rotated every 2 weeks to minimize edge effect.
Outplanting trial
On 1 May 2011, seedlings from the 6 N treatments were transported and outplanted. The site was previously used for agriculture and was located at the Beijing Forestry University Northern Experimental Base at Pingquan, Hebei province (41°13´N, 118°40´E). The site had a < 2% slope and averaged 765 m in elevation. Soil depth varied between 45 and 60 cm. The surface soil (0-20 cm) was 73% sand, 11% silt, and 16% clay (a sandy clay loam) with a pH of 6.2 and soil organic carbon of 0.7%. Average total N, available P, and available K were 628.7, 139.5, and 113.5 mg kg -1 , respectively. The soil sample was measured and the soil was considered to have moderate fertility according to the macronutrient classified criteria (Bao 2000) . The area is a temperate continental monsoon climate and characterized by dry winter and spring seasons. Based on the weather data between 1981 and 2000, mean annual air temperature was 7.7 °C and an average annual precipitation was 517 mm. During the experiments, precipitation and temperature data were recorded with an on-site weather station. Annual precipitation was 486 mm in 2011 and 626 mm in 2012 and mean annual air temperature was 7.4 and 6.8 °C, respectively (Fig. 1) .
The seedlings were outplanted in a randomized complete block design replicated in 4 blocks. Each block measured 7.5 × 11 m and was separated from adjacent blocks by 1 m buffers. Twelve seedlings for each treatment were planted in single parallel rows within each block, resulting in a total of 288 seedlings planted. Seedlings were planted in 0.40 × 0.40 × 0.40 m manually dug planting holes with 1 × 1.5 m spacing. Each seedling was placed in a hole that was refilled with the excavated soil by hand. In early September 2010, the site was ploughed to reduce competing vegetation. Weeds were removed by hand during the growing seasons.
Plant sampling, chemical, and statistical analyses
Seedlings were sampled prior to planting to evaluate N storage and growth response to nursery fertilization. Eight seedlings were sampled randomly from each tray, resulting in a total of 32 seedlings per nursery fertilization treatment. Seedlings were washed gently free of growing medium and were separated into foliage, stems, and roots. Each plant tissue type was oven-dried at 65 °C for 48 h to determine dry mass. N values were determined from a composite sample of each treatment tray combination.
Outplanting survival percentages were calculated as the number of saplings of the original 12 remaining alive for each nursery-treatment block at the time of each annual measurement. Height (root-collar to the tip of the terminal bud) and root-collar diameter (hereafter RCD) were measured immediately after planting (T1), and on 28 October of the first (T2) and second years (T3; when growth ceases on this site). Net increment from T1 to T2 (or from T2 to T3) for height or RCD was calculated with the following equation.
where i = 2, 3. Statistical analyses were performed by using the SPSS 10.6 statistical package (Chicago, Illinois, USA). One-way ANOVA was used to evaluate the effect of nursery N treatments on morphological and nutritional attributes at the end of the nursery phase (completely random design) and field performance after planting (randomized complete block design). The explore function of SPSS was used to examine data for normality and homogeneity prior to analyses. Variables N concentration (%) and survival were arcsine transformed in order to fulfill normality and homogeneity requirements of ANOVA. When the ANOVA results showed a significant effect, the Duncan test was carried out for multiple comparisons between treatments at α = 0.05. Field performance was analyzed separately for each sampling period. 
Results
Nursery response
Nursery fertilization had an effect on seedling dry mass (Fig. 2) . Both stem tissue (p < 0.001) and whole plant (p = 0.024) dry mass were significantly different among treatments. In general, as fertilizer increased, so did whole plant dry mass. Both the 10 and 20 mg N seedling -1 rates were significantly lower than others, and the dry mass peaked at 100 mg N seedling -1 . Multiple comparison testing showed the lowest N rate (10 mg) consistently yielded lower stem and whole plant dry mass compared to the two highest N rates (100 and 120 mg). Foliage (p = 0.482) and root (p = 0.142) tissues were not significantly different among any of the fertilizer treatments.
Nursery fertilization affected plant tissue N concentration (p ≤ 0.003) (Fig. 3) . Foliage reached maximum N concentration when nursery fertilization was 120 mg N seedling -1 . Stem N concentration increased when seedlings were fertilized from 10 to 20 mg N seedling -1 ; no differences were observed among the 20-120 mg N seedling -1 treatments. Root and whole plant N concentration also increased with fertilization; maximum N concentrations were observed at the 120 mg N seedling -1 rate.
Seedling N content varied among fertilizer treatments but depended on tissue type (Fig. 4 ). Foliage N content was not significantly different among treatments (p = 0.258); however, stem tissue (p < 0.001), root tissue (p < 0.001), and whole plant (p < 0.001) variables all increased with fertilization. Maximum N content for both stem and whole plant variables were reached at the 100 mg seedling -1 fertilization rate. For root tissue, maximum N content was observed at the 120 mg N seedling -1 rate.
Field performance
At the end of the first growing season, outplanting survival was high (79-96%), but not significantly different (p = 0.134) among nursery fertilization treatments (Table 1) . At the end of the second growing season, survival declined and significant differences were observed among nursery fertilization treatments (p = 0.029). Seedlings fertilized at the 10 mg N rate showed the lowest mean survival (54%), while seedlings from the 80 mg N rate showed the highest mean survival (92%) and was significantly greater than other treatments.
Nursery fertilization had no significant impact on total height at planting or at the end of the first and second growing season (p = 0.062-0.843) (Fig. 5) . RCD did vary among treatments at planting (p = 0.003), but the differences vanished by the end of the first growing season (p = 0.138). Consistently, height (p = 0.266-0.809) and RCD (p = 0.238-0.930) increments were not significant for any growing season. Table 1 . Chinese pine seedling field survival (mean ± SE, n = 4) in relation to nursery fertilization at the end of first and second growing seasons. Treatments marked with different letters in a column differ statistically according to Duncan`s test α = 0.05. 
Discussion
Nursery growth and N storage
Exponential fertilization in the nursery illustrated a curvilinear relationship with increased fertilization for seedling dry mass and N content (McAlister and Timmer 1998; Salifu 2003; Salifu and Timmer 2003a; Birge et al. 2006) . As described in the conceptual model by Timmer (1996) , N concentration was increased in Chinese pine seedlings with increasing fertilization. According to our data, a rate of 40 mg N seedling -1 or greater, was sufficient enough to maximize seedling dry mass; concomitantly, a rate of 100 mg N seedling -1 or greater, maximized N content. Ideally, optimum exponential fertilization would maximize both seedling dry mass and tissue N content before nutrient toxicity elicits a decline in seedling dry mass (Landis et al. 1989) . The absence of a sharp decline in dry mass related to tissue nutrient concentration or content in our study, however, indicated that nutrient toxicity did not occur. We therefore were unable to develop a full understanding of luxury consumption limits. In other Pinus species, such as Pinus resinosa Ait. (Timmer and Armstrong 1987; Miller and Timmer 1994) , and Pinus monticola Douglas ex D. Don (Dumroese et al. 2005) , no more than three fertilization rates were used; consequently, optimum fertilization of Pinus species was also not determined. Conversely, optimum N levels have been comprehensively determined for Picea and Quercus species (64 and 100 mg N seedling -1 , respectively); although, these recommendations were for much smaller and much larger container sizes (40 ml and 2800 ml, respectively; Salifu and Timmer 2003a; Salifu and Jacobs 2006) . Despite the fact that toxicity levels were not achieved in our study, dry mass and N content responses to fertilization suggest that optimum N application with exponential fertilization of Chinese pine seedlings is no less than 100 mg N seedling -1 .
Field growth performance
In this study, RCD differences at planting vanished after the first growing season indicating that nursery fertilization may have had a transitory effect on field growth performance. This finding is shared by Picea abies (L.) Karsten, Quercus suber L., Q. rubra and Q. alba (Heiskanen et al. 2009; Salifu et al. 2009; Trubat et al. 2010 ), but differs from Pinus canariensis C. Sm., whose RCD dominance at planting was retained for three years (Luis et al. 2009 ). In these instances, direct nutrient uptake from soil and variations in soil fertility likely contributed to inconsistencies in growth over time (Hawkins et al. 2005) . Xu (1987) suggest that Chinese pine seedlings undergo slow growth during the first 5 years after outplanting and attribute some of this to soil nutrient availability and soil depth. In some instances, the influence of high field fertility may outweigh the effect of nursery fertilization (Hawkins et al. 2005; Heiskanen et al. 2009 ). Based on the site classified criteria by Bao (2000) , the moderate soil fertility in our study may have contributed to the field performance, but we also think other factors, such as soil moisture, had an influence on our results. Other unpublished data suggest Chinese pine undergo a slow establishment period indicating the possibility of planting stress sensitivity, before resuming vigorous growth after several years. Other species, including spruce and pine, have also shown sensitivity to planting stress (also called, growth check), lasting several years after outplanting (citations from Grossnickle 2005; Heiskanen et al. 2009 ). Because literature is lacking on the outplanting performance of Chinese pine, it is difficult to know how widespread this problem is.
Field survival
Similar to results observed in Q. rubra and Q. alba ), nursery fertilization rates did not affect outplanting survival at the end of the first growing season. While our first year survival data was not significant, the data illustrated a curvilinear pattern with nursery fertilizer rates; mean survival peaked at 80 mg N seedling -1 . At the end of the second growing season, survival shared the curvilinear pattern and was significant; the greatest outplanting survival occurred at a nursery fertilization rate of 80 mg N seedling -1 . Our curvilinear pattern is different than the linear ones reported in published papers; these studies show positive or negative survival responses to nursery fertilization (Villar-Salvador et al. 2004; Trubat et al. 2008; Luis et al. 2009; Cuesta et al. 2010 ).
In the Mediterranean, the positive effects of nursery fertilization on plantation survival have been demonstrated in both conifers and hardwood species during two consecutive outplanting seasons (Villar-Salvador et al. 2004; Luis et al. 2009 ). Rich pre-planted nutritional status (mainly of N) could confer nutrient remobilization capacity, high photosynthesis, and plant water potential and thus promote outplanting survival (Puértolas et al. 2003; Villar-Salvador et al. 2004 Luis et al. 2009; Cuesta et al. 2010) . Conversely, several studies in the same environments have also argued that N deficient seedlings tended to show higher survival than those subjected to standard nursery fertilization (Trubat et al. 2008 (Trubat et al. , 2010 . This may be attributed to the reduced shoot size that decreases the demand for water and thereby has a greater ability to tolerate drought (Poorter and Nagel 2000; Rubio et al. 2003) . Positively or negatively linear responses of survival to nursery fertilization could result from the fact that there were as few as two or three fertilization treatments in these studies. These conflicted views in this and other studies suggest that the relation between field performance and nursery fertilization should be verified by a series of fertilization rates. Additional studies on other trees are needed to explain why maximum survival is asynchronous with optimum nursery N rate from physiological perspectives, including N remobilization, nonstructural carbohydrate content, water potential, and photosynthesis. Seedling survival at the end of the second growing season (54%-92%) declined dramatically relative to the first growing season (79%-96%). This may be attributed to the water stress that outplanted seedlings were exposed to during the two growing seasons. The model of seedling establishment, proposed by Burdett (1990) , highlights the importance of quality seedlings and their physiological processes in the presence of favorable outplanting conditions. One major limiting factor to seedling establishment, however, is soil moisture (Burdett 1990; Grossnickle 2005) . Water stress in transplanted seedlings limits the physiological functioning required to grow new roots thereby contributing to a negative feedback cycle and lack of establishment (Grossnickle 2005) . Conditions in our study were likely limiting because of the prolonged dry winter (according to precipitation data; Figure 1 ) preceding outplanting. Despite this, a short monsoon rain season allowed seedlings a brief growing period before dry conditions returned. However, outplanting conditions following the first year's measurement remained dry and became cold for 6 months. We suspect that winter and spring desiccation likely contributed to the decline in seedling survival measured at the end of the second growing season. Water stress often causes the imbalance of water uptake and transpiration and therefore is a significant factor of seedling mortality (Walker et al. 1981; Archer 1989; Crow et al. 1994; Grossnickle 2005) .
Conclusions
In the nursery, N content was significantly higher in the seedlings exponentially fertilized at 100 and 120 mg N seedling -1 than the other four treatments. Dry mass at 100 mg N seedling -1 was significantly greater than at 10 and 20 mg N seedling -1 but slightly higher than 40, 80 and 120 mg N seedling -1 . Response of field survival during two consecutive growing seasons to nursery fertilization generally exhibited a non-linear pattern. Maximum mean survival occurred in the seedlings nursery-fertilized at 80 mg N seedling -1 . Thus, comprehensive consideration of both nursery and field performance determine rational nitrogen supply for Chinese pine in the nursery. An application rate of 80 mg N seedling -1 yields optimum field survival in the given site condition as well as satisfactory nursery growth for the particular container type we used.
